Magnetic, thermal, and transport properties of the mixed valent vanadium oxides 

LUV4O8 and YV4O8 
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iV408 (i = Yb, Y, Lu) compounds are reported to crystallize in a structure similar to that of 
the orthorhombic CaFe204 structure-type, and contain four inequivalent V sites arranged in zigzag 
chains. We confirm the structure and report the magnetic, thermal, and transport properties of 
polycrystalline YV4O8 and LUV4O8. A first-order like phase transition is observed at 50 K in 
both YV4O8 and LUV4O8. The symmetry remains the same with the lattice parameters changing 
discontinously. The structural transition in YV4O8 leads to partial dimerization of the V atoms 
resulting in a sudden sharp drop in the magnetic susceptibility. The V spins that do not form 
dimers order in a canted antiferromagnetic state. The magnetic susceptibility of LUV4O8 shows a 
sharp peak at ~ 50 K. The magnetic entropies calculated from heat capacity versus temperature 
measurements indicate bulk magnetic transitions below 90 K for both YV4O8 and LUV4O8. 
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I. INTRODUCTION 

Vanadium oxides have been of broad interest owing 
to their interesting properties. Binary vanadium ox- 
ides VTi02n-i where 2 < n < 9 exhibit metal to insu- 
lator and paramagnetic to antiferromagnetic transitions 
on coolingii The only exception is V7O13 which remains 
metallic down to 4 Ki^ Among ternary vanadium oxides, 
the normal spinel mixed valent LiV204 does not show 
any magnetic ordering, remains metallic down to 0.5 K 
and surprisingly shows heavy fermion behavior below 10 
K.'^ This is very different from the similar normal spinel 
LiTi204 which shows superconductivity below 13 K."* 

The compound CaV204 forms in the well-known 
CaFe204 type structure with orthorhombic space group 
Pnam and lattice parameters a — 9.206 A, 6 = 10.674 A, 
and c = 3.009 A.^'^-'^ The V atoms have spin S ^ I 
and form a zigzag chain system. The compound under- 
goes an orthorhombic to monoclinic structural distortion 
below 150 K and an antiferromagnetic transition at 63 
K, and is an insulator li^i^ The low dimensionality of 
the V spin structure is very interesting since this can 
give rise to exotic magnetism. Indeed, there is a sug- 
gestion that a phase transition at ~ 200 K in CaV204 
arises from a long- to short-range chiral ordering transi- 
tion with no long-range spin order either below or above 
this temperature.^ In a spin S = \ zigzag chain system, 
depending on the ratio of the nearest-neighbor and next- 
nearest-neighbor interactions, there can be ground states 
with a Haldane gap, as well as gapless or gapped chiral 
ordering^ Replacing Ca^+ by Na"*"^, the same CaFe204 
structure is retained but becomes metallic even below the 
antiferromagnetic transition at 140 KiiiJ^ Further in- 
vestigations of compounds having the CaFe204-type and 
related structures are clearly warranted. 

The compounds LV4O8 {L — Yb, Y, Lu) have struc- 
tures similar to the CaFe204-type structure but with the 
modification that in LV4O8, only half of the L cation 






FIG. 1: (Color online) Crystal structure of the low- 
temperature a-phase of LV4OS viewed along the c-axis. The 
large blue, intermediate red, and small yellow circles represent 
L, V and O atoms, respectively. The VOe octahedra share 
edges to form V zigzag chains running along the c-axis. The 
L ions occupy half of the cation sites in the CaV2 04 structure 
in an ordered fashion while the other half is vacant. 



sites are occupied by L ions in an ordered mannerJ^ 
This results in a reduction of the unit cell symmetry from 
orthorhombic to monoclinic with space group P12i/nl 
(which is a nonisomorphic subgroup of the orthorhom- 
bic space group Pnam of CaV204) and lattice param- 
eters a = 9.0648 A, 6 = 10.6215 A, c = 5.7607 A, and 
/3 — 90.184° for the room temperature a-phase (see be- 
low) of the Yb compound.^- Note that the monoclinic 
angle (3 is close to 90° and that the a-axis and 6-axis 
lattice parameters are nearly the same as in the above 
orthorhombic room-temperature structure of CaV204. 
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FIG. 2; (Color online) The arrangment of V atoms in the 
structure as viewed along the a-axis. Two distinct chains are 
formed by V atoms in four inequivalent sites labelled VI, V2, 
V3, and V4, respectively. The bond lengths between different 
V atoms are labelled as VlVl, V2V2, V3V3, V4V4, V1V31, 
V1V32, V1V33, V2V41, V2V42, and V2V43, respectively. 

Figure [1] shows the structure of a-LY^O^ viewed along 
the c axis. The slightly distorted VOe octahedra share 
edges and corners to form zigzag chains along the c axis. 
The four V atoms in the structure occupy four inequiv- 
alent positions and form two distinct chains with two 
inequivalent V positions in each chain. The V-V zigzag 
chains as viewed along the a axis are shown in Fig. O 

YbV408 forms in two monoclinic phases, the low tem- 
perature a-phase with space group P12i/nl and lat- 
tice parameters a = 9.0648 A, 6 = 10.6215 A, c = 
5.7607 A, and (3 = 90.184° and the high temperature 
/3-phase with space group P2i/nll and lattice param- 
eters a = 9.0625A, b = 11.0086 A, c = 5.7655 A, and 
a = 105.070°.— The two phases differ crystallographi- 
cally by the z atomic position of the Yb ions, but both 
contain similar zigzag chains. At 185 K the jS-YhY iO^ 
undergoes a magnetic phase transition with magnetic be- 
havior of the vanadium cations separating into Curie- 
Weiss and spin gap types. The magnetic transition is ac- 
companied at the same temperature by a monoclinic to 
monoclinic structural phase transition arising from com- 
plete charge ordering of the V^'^ and ions.^"* YV4O8 
also cystallizes in a and /3 forms isomorphous with a- 
and I3-Y\N iO%}^ LUV4O8 was reported to have a ho- 
mogeneity range from LUV4O7.93 to LuV408.o3^ and its 
structure is isostructural with a-YbV408'^ 

The structures of the above LV4O8 compounds are 
closely related to the Hollandite-type structure with 
either tetragonal or monoclinic crystal symmetry and 
chemical formula A^Bf^OiQ [A = K, Li, Sr, Ba, Bi; B 



= Ti, V, Mn, Ru, Rh; 1 < a; < 2)JIJ^ In the Hol- 
landites, edge-sharing BOq octahedra form zigzag chains 
running parallel to the crystallographic c axis. The Hol- 
landite K2V8O16 undergoes a metal- isulator and a struc- 
tural transition at 170 K which leads to possible dimer- 
ization of the V spinsj^^ The presence of a quantum phase 
transition from a weakly localized state to a metallic state 
in BaRu60i2 has been reported^SS 

The magnetic susceptibilties of q;-YV408 and f3- 
YV4O8 show Curie- Weiss behavior in the high T region 
and drop sharply on cooling to temperatures between 50 
and 80 Kfi^ For q;-YV408, the drop at 50 K appears 
to be a first order transition. This is different from the 
magnetic susceptibility of the isostructural YbV408 or 
similiarly structured CaV204 4 Curie- Weiss fits to the 
high T susceptibilities yielded negative Weiss tempera- 
tures indicating dominant antiferromagnetic interactions 
among the V spins and Curie constants much lower than 
expected for three {S = 1) and one {S = 1/2) 
spins per formula unit for both a- and /S-YV^Os- In order 
to investigate the origin of the first order-like transition 
in YV4O8 and to search for interesting magnetic ground 
states in these zigzag spin chain systems with modified 
CaFe2 04 crystallographic structure, we have synthesized 
polycrystalline samples of YV4O8 and LUV4O8 and re- 
port their structure, magnetic susceptibility x? magneti- 
zation M, specific heat C, and the electrical resistivity 
P- 

The remainder of the paper is organized as follows. In 
Sec. ini the synthesis procedure and other experimental 
details are reported. The structures from room temper- 
ature down to 10 K, magnetic susceptibility, magneti- 
zation, heat capacity, and electrical resistivity measure- 
ments are presented in Sec. IIIIl We also carried out 
bond valence analysis to estimate the valences of the 
inequivalent V atoms in the mixed valent YV4O8 and 
LUV4O8 compounds. The results of this analysis are re- 
ported following the x-ray diffraction measurements in 
Sec. lIIIl In SecHVl we suggest a model to explain the ob- 
served magnetic susceptibility and heat capacity behav- 
iors of YV4O8 in light of the structural studies reported 
in Sec. IIIIl whereas a model to explain the magnetic sus- 
ceptibility and heat capacity behaviors of LUV4O8 is elu- 
sive. A summary of our results is given in Sec. [V] 



II. EXPERIMENTAL DETAILS 

The samples of LV4O8 {L = Y, Lu) were prepared 
by solid state reaction. The starting materials for our 
samples were Y2O3 (99.995%, Alfa Aesar), LU2O3, V2O5 
(99.999%, MV Laboratories Inc.), and V2O3 (99.999%, 
MV Laboratories Inc.). Stoichiometeric amounts of 
^203,V205, and V2O3 were thoroughly mixed together 
in a glove box filled with helium gas, and pressed into pel- 
lets. The pellets were wrapped in platinum foils, sealed 
in evacuated quartz tubes and heated at 520 °C for 8-10 
d. The temperature was then raised to 800 °C for an- 
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other 5-7 d. Finally the samples were heated at 1200 °C 
for another 7 d. The quartz tubes were then taken out 
of the furnace at 1200 °C and quenched in air to room 
temperature. 

Powder x-ray diffraction measurements at room tem- 
perature were done using a Rigaku Geigerflex diffrac- 
tometer with a curved graphite crystal monochromator. 
Temperature-dependent powder x-ray diffraction studies 
were done in the temperature range 10 K - 295 K us- 
ing a standard Rigaku TTRAX diffractometer system 
equipped with a theta/theta wide-angle goniometer and 
a Mo Ka radiation source.— The magnetic measure- 
ments were done using a Quantum Design superconduct- 
ing quantum interference device (SQUID) magnetometer 
in the temperature range 1.8 K - 350 K and magnetic 
field range - 5.5 T. The heat capacity and electri- 
cal resistivity measurements were done using a Quantum 
Design physical property measurement system (PPMS). 
For the heat capacity measurements, Apiezon N grease 
was used for thermal coupling between the samples and 
the sample platform. Heat capacity was measured in the 
temperature range 1.8 K - 320 K in zero, 5 T, and 9 T 
magnetic fields. Electrical resistivity measurements were 
carried out using a standard dc 4-probe technique. Plat- 
inum leads were attached to rectangular shaped pieces of 
sintered pellets using silver epoxy. An excitation current 
of 10 mA was used in the resistivity measurements in the 
temperature range 1.8 K - 300 K. 



III. RESULTS 
A. X-ray diffraction measurements 

Figures [SJa) and (b) show the room temperature x-ray 
diffraction (XRD) patterns of powder samples of YV4O8 
and LUV4O8, respectively, along with the calculated pat- 
terns. The calculated patterns were obtained by Rietfeld 
refinements of the observed patterns using the GSAS 
program suite3i The refinements for both YV4O8 and 
LUV4O8 were done with space group i-'12i/nl (No. 14) 
(the same space group as for the low-T a-phase of 
YbV408) with one position for the L atom, four differ- 
ent positions for V atoms, and eight different positions 
for O atoms. All the fractional atomic positions, the lat- 
tice parameters, and the overall thermal parameter for 
all the atoms were varied in the refinement. The ob- 
tained best-fit lattice parameters and fractional atomic 
positions at 300 K are listed in Tables HI and HIl for YV4O8 
and LUV4O8, respectively. From the refinements, small 
amounts (< 4 wt%) of V2O3 impurity phases were found 
in both YV4O8 and LUV4O8 samples. 

Figure 3] shows the lattice parameters a, h, c, unit 
cell volume, and the monoclinic angle /3 respectively, of 
YV4O8 versus temperature. At ^ 50 K the a and h axes 
and the monoclinic angle a decrease sharply while the c 
axis and the unit cell volume increase. There is no change 
in the symmetry of the unit cell. The sharp change in 
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FIG. 3: (Color online) X-ray diffraction patterns of YV4O8 
(a) and LuV40g (b), respectively, at room temperature. The 
solid crosses are the observed data points while the solid lines 
are the Rietveld fits to the data. The tic marks below the data 
indicate the peak positions. The solid lines below the tick 
marks are the difference between the observed and the calcu- 
lated intensities. Small amounts (< 4 wt%) of V2O3 impurity 
phases are present in both YV4O8 and LUV4O8 samples. 



the lattice parameters and the unit cell volume indicate 
a first order phase transition. 

For LUV4O8, as shown in Fig.[5l the a and h lattice pa- 
rameters decrease sharply below 45 K while the c lattice 
parameter and the unit cell volume show a broad peak 
at ~ 45 K. The monoclinic angle (3 increases below 100 
K. 

Figures [6l^a)-(b) and [6l^c)-(d) show the V-V bond 
lengths versus temperature for different inequivalent V 
atoms in YV4O8 and LUV4O8, respectively. For both 
YV4O8 and LUV4O8, the V atoms at the four inequiva- 
lent sites form two different kinds of chains V1-V3 and 
V2-V4 running along the c axis as shown in Fig. [51 For 
the V1-V3 chain in YV4O8, the V1V32 distance increases 
while the V1V31 distance decreases below 50 K. The 
other VI- V3 distances also decrease below 50 K. For 
LUV4O8, the V2V42 distance decreases while the V2V41 
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FIG. 4: Lattice parameters a, 6, c, unit cell volume, and the monoclinic angle /3 of YV4O8 versus temperature T . 



TABLE L Lattice parameters and the fractional atomic posi- 
tions of YV4O8 at 295 K, obtained by Rietveld refinement of 

powder XRD data. Space group: P12i/nl (No. 14); Z = 4 
formula units/unit coll; lattice parameters: a = 9.1186(2) A, 
h = 10.6775(2) A, c = 5.7764(1) A, and monoclinic angle 
/? = 90.206(1)°; 7i(F^) = 0.083. All atoms are in general 
Wyckoff positions 4(e): a:, y, z. A number in parentheses 
gives the error in the last or last two digits of the respective 
quantity. 





X 


y 


z 


Yl 


0.7574(2) 


0.6581(2) 


0.1257(4) 


VI 


0.4282(3) 


0.6175(3) 


0.1266(8)) 


V2 


0.4107(3) 


0.0989(3) 


0.1235(9) 


V3 


0.4537(3) 


0.6111(3) 


0.6263(8) 


V4 


0.4193(3) 


0.1043(3) 


0.6252(9) 


01 


0.1977(9) 


0.1516(1) 


0.0977(21) 


02 


0.1154(9) 


0.4760(10) 


0.1266(29) 


03 


0.5278(9) 


0.7744(9) 


0.1285(30) 


04 


0.4238(11) 


0.4297(9) 


0.1177(33) 


05 


0.2198(9) 


0.1492(10) 


0.6164(22) 


06 


0.1195(10) 


0.4800(11) 


0.6227(27) 


07 


0.5119(10) 


0.7934(9) 


0.6155(28) 


08 


0.4130(11) 


0.4287(9) 


0.6450(30) 



TABLE IL Lattice parameters and the fractional atomic po- 
sitions of LUV4O8 at 295 K, obtained by Reitveld refinement 

of powder XRD data. Space group: P12i/nl (No. 14); Z = 4 
formula units/unit cell; lattice parameters: a = 9.0598(2) A, 
h = 10.6158(2) A, c = 5.7637(1) A, and monoclinic angle 
/3 = 90.189(2)°; R(F'^) = 0.095. All atoms are in general 
Wyckoff positions 4(e): x, 3/, z. A number in parentheses 
gives the error in the last or last two digits of the respective 
quantity. 





X 


y 


z 


Lul 


0.7573(2) 


0.6583(1) 


0.159(2) 


VI 


0.4269(4) 


0.6170(4) 


0.1281(11) 


V2 


0.4103(4) 


0.0976(4) 


0.1217(13) 


V3 


0.4549(4) 


0.6107(4) 


0.6332(11) 


V4 


0.4182(4) 


0.1046(4) 


0.6230(12) 


01 


0.2019(13) 


0.1609(13) 


0.1091(33) 


02 


0.1250(15) 


0.4698(14) 


0.1278(42) 


03 


0.5299(14) 


0.7774(14) 


0.1258(45) 


04 


0.4158(16) 


0.4237(12) 


0.1341(42) 


05 


0.2098(13) 


0.1670(12) 


0.6358(34) 


06 


0.1221(16) 


0.4747(14) 


0.6311(41) 


07 


0.5135(14) 


0.7938(14) 


0.6283(42) 


08 


0.4095(16) 


0.4314(14) 


0.6382(43) 
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FIG. 5: Lattice parameters a, b, c, unit cell volume, and the monoclinic angle 13 of LUV4O8 versus temperature T. 



distance increases below 50 K. 



Bond Valence Analysis 

The bond-valence method is used to calculate the va- 
lences of individual atoms in a chemical compoundi^ The 
atomic valence of an atom is taken to be the sum of the 
bond valences of all bonds between that particular atom 
and the neighbouring atoms to which it is bonded. The 
bond- valence is defined as Vi = exp[(ro — ri)/B\ where 
B is fixed to the value 0.37, ri is the interatomic dis- 
tance between the particular atom and the neighbouring 
atom it is bonded to and tq is the bond-valence param- 
eter which is obtained empiricallyi^i^ The valence for 
the given atom is then 

V = ^Vi^^e}^])[{rQ-ri)/B], (1) 

i i 

where the sum is over all the nearest-neighbors to the 
atom of interest. 

For YV4O8 and YV4O8, we used the bond- valence 
method to calculate the valences v of the different in- 
equivalent V atoms. The V atoms are bonded only to 
the O atoms and the V-0 interatomic distances for the 
different V-0 bonds at different temperatures were deter- 
mined by the above Rietveld refinements of the structures 



of the two compounds at different temperatures. The 
bond-valence parameters rg for V-0 bonds are listed for 
V3+-02-, V4+-02-, and V^+^O^^ bonds in Ref.Hl We 
obtained an expression for ro(ui) by fitting the three rp 
versus Vi values for V-0 bonds^ by a second order poly- 
nomial. The valences of the four inequivalent V atoms 
at different temperatures for YV4O8 and LUV4O8 from 
Eq. ID) are shown in Fig. [T] 



B. Magnetic measurements 

1. Magnetic susceptibility 

Figure [5Ja) shows the magnetic susceptibility x = 
M /H versus temperature T of YV4O8 in magnetic field 
H — \QQ G. These data are in good agreement with the 
x{T) of YV4O8 reported in Ref. [H. There is a sharp 
fall in the susceptibility at T = 50 K followed by a bi- 
furcation in the zero-field-cooled (ZFC) and field-cooled 
(FC) susceptibility x(r) below 16 K. In addition, there 
are two small anomalies at T = 90 K and T = 78 K. 
The field dependence of x is shown in Fig. [Hl^b). The 
sharp peak at 16 K and the small anomaly at 90 K for 

= 100 G disappear aX H = 5000 G. 

Figure [Sfd) shows the ZFC and FC magnetic suscepti- 
bihties of LUV4O8 in if = 100 G. The FC susceptibility 
shows a sudden slope change at ~ 100 K, a broad peak 
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FIG. 6: (Color online) V-V bond lengths in (a)-(b) YV4O8 and (c)-(d) LUV4O8. For the atom notations see Fig. (2] 



TABLE III: Curie constant Ccurio, Weiss temperature 6, and temperature independent susceptibility xo of YV4O8 and LUV4O8 
obtained from different types of Curie- Weiss fits to the inverse susceptibility 1/x versus temperature T data in the range 200 
to 300 K. The numbers in parentheses give the error in the last digit of a quantity. The parameters which do not have errors in 
their values were fixed during the fittings. cr^/DOF is the goodness of fit where = "Ylii^/xiTi) — ''■nd DOF (degrees 

of freedom) = number of data points minus the number of fit parameters. Here x{Ti) is the measured susceptibility x 
temperature T — Ti and f{Ti) is the value of the fit function f at T = Ti. 



Compound 


ctVDOF 


C*Curic 


Xo 


e 




(10"^ mol/cm'*)^ 


(cm^ K/mol) 


(10"* cmVmol) 


(K) 


YV4O8 


0.062 


2.08(1) 


11.8(2) 


-74(1) 




0.66 


2.508(2) 


5.55 


-105.4(3) 




1.89 


2.917(5) 





-133.0(7) 




3.67 


3.375 


-5.7(1) 


-161.9(5) 


LUV4O8 


0.12 


1.71(1) 


12.9(2) 


-87(1) 




1.39 


2.254(2) 


5.5 


-136.3(4) 




3.32 


2.698(4) 





-172.4(7) 




5.96 


3.375 


-6.78(8) 


-216.8(5) 



at ^ 70 K and then a sharp peak at 49 K followed by an 
almost T-independent behavior below 25 K. There is a 
strong bifurcation in the FC and ZFC susceptibility for 
T < 100 K. The magnetic field dependence of the peak 
at 49 K and the small anomaly at ~ 100 K are shown in 
Fig. E^e). Overall, the behavior of x(T) of YV4O8 and 
LUV4O8 are distinctly different. 

The high temperature x{T) of both YV4O8 and 
LUV4O8 were fitted by the Curie- Weiss law 

X(T) = xo + Ccudc/(T - 0) , (2) 

where xo is the T-independent magnetic susceptibility, 
Ccuric is the Curie constant, and 6 is the Weiss temper- 



ature. The temperature range over which the data were 
fitted is T = 200-300 K. For YV4O8, when we let all the 
parameters vary, we obtained xo — ILSxlO"** cm'^/mol, 
Ccuric = 2.08 cm^K/mol, and 6 = -74 K. If we as- 
sume YV4O8 to be an insulator, then xo = Xvv + 
Xdia where xvv is the paramagnetic Van Vleck sus- 
ceptibility and Xdia is the diamagnetic core susceptibil- 
ity. From the standard tables, we have for YV4O8, 
Xdia = -1.45 X 10"^ cm^/mol. The compound V2O3 
has a xvv 2 x 10"^ cm^/mol The com- 

pound VO2 has Xvv 1 X 10~* cm'^/mol V.^® Thus, con- 
sidering that there are three moles of V'^'*' and one mole 
of ions in one mole of YV4O8, we get an estimate 
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9 is consistently negative indicating predominantly anti- 
ferromagnetic interactions between the V spins in both 
compomids. 



2. Magnetization versus 



magnetic field isotherms 



Figures [S]Ja) and (b) show the magnetization M versus 
applied magnetic field H isotherms at selected tempera- 
tures for LUV4O8 and LUV4O8, respectively. The satu- 
ration magnetization Ms is obtained by fitting the high 
field (1.5 T < H < 5.5 T) M{H) data by 




T(K) 

FIG. 7: (Color online) Valences of the different inequivalent V 
atoms versus temperature T in (a) YV4O8 and (b) LUV4O8. 



of xo = 5.55 X 10-4 cmVmol for YV4O8. For LUV4O8, 
we have an estimate of xo = 5.5x10-'* cm'^/mol. Thus, 
the above value of xo = 11-8 x IQ-^ cm'^/mol for YV4O8 
that we obtained by fitting the data by Eq. ^ with all 
the parameters varying is much too large. Keeping the 
value of Xo fixed to 5.55x10^'* cm'^/mol, we obtain a 
C'curie = 2.476(2) cm'^ K/mol which is much less than 
the value 3.375 cm^^ K/mol expected for 3 V'^"'' (spin 
S — 1) and 1 V''+ {S — 1/2) atoms per formula unit 
with factor g — 2. Keeping xo fixed to zero, we ob- 
tain a Ccuric — 2.917(5) cm^ K/mol which is closer to 
the expected Ccurio — 3.375 cm'^ K/mol. A similar anal- 
ysis was done for LuV408. Table IIIII lists the best- fit 
values of the parameters Ccuric, Xo, and 9 for YV4O8 
and LUV4O8 obtained in these different fits. The solid 
lines in Figs.[5]Jc) and[5Jf) are the Curie- Weiss fits to the 
1/x data in the temperature range 200-300 K with xo 
fixed to 5.55 x lO-'' cm-^/mol and 5.5 x IQ-^ cm^/mol, 
respectively. As shown in Figs. [H^c) and[Hf), the ob- 
served inverse susceptibilities 1/x show stronger negative 
curvatures than the fits for both YV4O8 and LuV408. 
The reason might be that the temperature range of the 
fits is still not high enough for the Curie- Weiss law to 
hold. For all the fits for each compound, we see that 



M{H,T) = MsiT) +x{T)H. (3) 

The solid lines in Figs. [5]^ a) and (b) are the fits of the data 
by Eq. ©. The fitted Ms(T) for YV4O8 and LUV4O8 
are shown in Fig. [D^c). 

For YV4O8, Ma, varies rapidly with temperature below 
50 K. As temperature decreases, Afs goes to a positive 
value of 4.13x10^* /iB/F.U. (F.U. means formula unit) 
at 50 K, where /ib is the Bohr magneton. In view of the 
negative Weiss temperature found in Sec. 3 Bl, this sug- 
gests a canted antiferromagnetic (AF) state. Then at 45 
K, Ms decreases sharply to a negative value of 4.35 x IQ-^ 
/ie/F.U. which arises from an upward curvature to M (H) 
which suggests the disappearance of canting and a sudden 
development of purely antiferromagnetic ordering. This 
is consistent with the observed susceptibility x where x 
was increasing with decreasing temperature but suddenly 
drops sharply at 49 K. As the temperature is further low- 
ered, Ms gradually increases and finally becomes positive 
at 25 K and goes to a small positive value of 6.36 xlQ-"'' 
Mb/F.U. at 1.8 K. 

For LUV4O8, the behavior of Afs(r) versus T is dis- 
tinctly different from that of YV408. As temperature 
decreases, Ms increases sharply from zero to 3.3x10-^ 
/j,b/F.U. at 45 K in what appears to be a first-order tran- 
sition. The data suggest the development of a canted AF 
state below 50 K, where the canting continuously goes 
to zero by 20 K, which can also be observed in the sus- 
ceptibility data in Fig. [5]^d) where x increases sharply at 
49 K. Then, as the temperature is further lowered, Ms 
starts decreasing, becoming negative at 25 K and then 
remaining almost constant down to 1.8 K. 

Figures [ini;a)-(d) and[Tni;e)-(h) show the M{H) loops 
at different temperatures for YV4O8 and LUV4O8, re- 
spectively. For YV4O8, measurable hysteresis is observed 
below 16 K. At 1.8 K, the remanent magnetization is 
0.0007 Ais/F.U. and the coercive field is 400 G. For 
LUV4O8, on the other hand, hysteresis is observed only 
around the transition at 50 K. At 45 K, the magne- 
tization loop shows a remanent magnetization of 0.003 
/is/F.U. and a coercive field of 1050 G. As we move 
away from the transition at 50 K, the hysteresis disap- 
pears. 
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FIG. 8: (Color online) Zero-field-cooled (ZFC) and field-cooled (PC) magnetic susceptibility (a) YV4O8 and (d) LUV4O8. (b) 
ZFC xiT) in 5000 G and 100 G fields of YV4O8 and (e) ZFC x in 100 G and 1 T fields of LUV4O8. The insets in (b) and (e) 
show the the anomalies in x at 90 K and 78 K for YV4O8 and at 96 K for LUV4O8, respectively. The inverse susceptibilities 
1/x versus T in 1 T of YV4O8 and LUV4O8 are shown in (c) and (f), respectively, where the solid lines are Curie- Weiss fits to 
the data in the temperature range 200 - 300 K. 



C. Heat capacity measurements 

Figure [TlT a) shows the molar heat capacity C versus 
temperature T of YV4O8 in zero and 9 T magnetic fields. 
C{T) shows a sharp peak at T = 77 K and two small 
anomalies at T = 81 K (pointed by the arrow) and T ~ 
45 K. There is a small magnetic field dependence of C(T) 
at 45 K as shown in the inset of Fig. [TlTa). 

The magnetic contribution to the heat capacity 
C„,ag(T) was obtained by C^^g{T) = C{T) - Ciatt(T) 
where the lattice heat capacity Ciatt {T) is estimated from 
the Debye model 

Ciatt(T) = 9xniVAfcB(£)' j J^^dy, (4) 



where n is the number of atoms per formula unit, Na is 
Avagadro's number, /cb is Boltzman's constant, 0d is the 
Debye temperature, and a; is a scaling factor which we 
had to introduce to get a considerable overlap of Eq. Q 
with the measured C at high T. Plots of Ciatt versus T 
were obtained for various values of the Debye tempera- 
ture and X, and were compared to the plot of mea- 
sured C(T) versus T. The Ciatt (T') with the maximum 



overlap with the plot of C(T) data at high temperatures 
was chosen. 

For YV4O8, we obtained the best fit of CuttiT) by 
Eq. Q with 9b = 600 K and 2; = 0.96 for T > 200 K. 
Figure [TlTb) shows the plot of Ciatt (T) along with the 
measured C(T) for YV4O8. Figure [TlTc) shows the mag- 
netic contribution to the heat capacity Cmag(T)/T = 
[C{T) - Ciatt(T)]/T for YV4O8 and Fig.II^d) shows the 
magnetic entropy S'mag(r) versus T of YV4O8 given by 

T 

S^^,{T) = j ^^^dT . (5) 


The change in S'mag over the temperature range K to 90 
K in which the magnetic transitions occur is 32.5 J/mol 
K. If the V spins order, then the magnetic entropy asso- 
ciated with the spin ordering S'spin is given by 

5spi„ = ^n.i?ln(25, + l), (6) 

i 

where the sum is over V spins Si in a formula unit, is 
the number of spins Si, and R is the molar gas constant. 
Using n, = 3 V+3 {S = 1) and 1 (S = 1/2) per for- 
mula unit gives S'mag = 33.14 J/mol K which is very close 
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FIG. 9: (Color online) Magnetization M versus magnetic field H at difi'erent temperatures of (a) YV4O8 and (b) LUV4O8. 
The solid lines are the fits of the high field (1.5 T < H < 5.5 T) M{H) data by Eq. ((Sjl. The values of the saturation 
magnetization Ms versus T obtained from the fits are shown in (c). 



(within 2%) to the value of 5'mag obtained above. This 
indicates that our estimation of Ciatt(7^) is reasonable. 

Figure [TWa) shows the C(T) of LUV4O8 in zero and 9 
T magnetic fields. There is a peak at T = 80 K and two 
small kinks at 62 K and 48 K, pointed out by two arrows, 
respectively. The magnetic field dependence of C{T) is 
negligible. Figure [T2jb) shows the zero field C{T) and 
the aatt(T) for LUV4O8 from Eq. ^. For LUV4O8, the 
values = 600 K and x = 0.96 produced the Ciatt(T) 
with the maximum overlap with C{T) at high T > 150 
K. Figureinic) shows C^^^[T)IT versus T for LUV4O8. 
The two kinks pointed out by the arrows in Fig. [T^ a) can 
be seen prominently here. The magnetic entropy S'mag 
calculated from Eq. ([5]) versus T is shown in Fig. [T^d). 
The total magnetic entropy change up to 150 K is 34.0 
J/mol K, which again agrees very well with the the above 
value of 33.1 J/mol K for disordered V spins. A sharp 
peak occurs in Cniag(2^) at « 80 K with two additional 
kinks highlighted by two vertical arrows at 45 K and 
K, 60 K, respectively, as shown in Fig, [l^c). 



D. Electrical resistivity measurements 

Figures [TMal and (b) show the electrical resistivity p 
versus temperature T measured on pieces of sintered pel- 
lets of LUV4O8 and YV4O8, respectively. On the scale 
of the figures, the resistivities are nearly temperature- 
independent above 50 K and 60 K, respectively, and 



strongly increase below those temperatures, suggest- 
ing the occurrence of metal to insulator transitions 
upon cooling below those temperatures. The insets in 
Figs. fOf a) and (b) show the respective logio(p) versus T 
for the two compounds. For both compounds, logio(p) 
increases with decreasing T showing apparent semicon- 
ducting behaviors over the whole T range. However, the 
nearly T-independent behaviors at the highest tempera- 
tures suggest metallic behavior as just noted. Polycrys- 
talline pellets of metallic oxides are notorious for showing 
semiconducting-like behavior due to insulating material 
in the grain boundaries. A plot of ln(p) versus 1/T for 
LUV4O8 is shown in Fig. [TSTc). We fitted these data by 

p = Poexp[A/fcBr], (7) 

where A is the activation energy, po is a constant, and 
k-Q is Boltzmann's constant. The solid line in Fig. WSi c] 
is the fit in the T range 55 K (l/T = 0.018 K) to 
75 K (1/T = 0.0133 K) where the ln[p(l/r)] data are 
approximately linear. The obtained fit parameters are 
po = 7.44(3) n cm and A = 84.6(1) meV. 



IV. DISCUSSION 

Tables ITVl and IVl list the temperatures at which anoma- 
lies were observed in the x{T), C{T), and p{T) measure- 
ments of YV4O8 and LUV4O8, respectively. Upon cool- 
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FIG. 10: Magnetization M versus magnetic field H loops at different temperatures of YV4O8 and LUV4O8 



TABLE IV: Different temperatures at which anomalies were 
observed in x{T), C{T), and p{T), respectively, for YV4O8. 



C 



P 



Ti 
T2 
T3 
Ti 
T5 



16 
50 

78 

90 



45 

77 
81 



60 



ing below « 50 K, a sharp decrease of the V1V31 dis- 
tance, increase of the V1V32 distance, and an increase 
in the other V1-V3 distances as shown in Fig. [D^b) sug- 
gest dimerization of the VI and V3 spins in the V1-V3 
chain (see Fig. ^ in YV4O8. The valences of VI and V3 
from Fig. (Tja) are close to 3 suggesting that both have 
spin S = 1. From the Curie- Weiss fit of the magnetic 
susceptibility in Fig.[5I^c), the dominant interactions be- 
tween the V spins are antiferromagnetic. We infer that 
the dimerization leads to a suppression of the magnetic 
susceptibility in the V1-V3 chain below 50 K. For the 
other V2-V4 chain, below 50 K, all the V-V interatomic 



TABLE V: Different temperatures at which anomalies were 
observed in xiT), C{T), and p{T), respectively, for LUV4O8. 

Y C p 



Ti 
T2 



25 
50 



100 



48 
62 
80 



50 



distances increase as shown in Fig. Elja), allowing the 
spins to order antiferromagnetically. The calculated va- 
lences of the V2 and V4 atoms in Fig.[7]Ja) point towards 
a decrease in the spin states of those V atoms. Both 
effects probably contribute to the sudden sharp drop in 
the magnetic susceptibility below 50 K in Figs.[5^a) and 

(b) . 

The transition observed in x(T) at 50 K in Figs. [3^ a) 
and (b) for YV4O8 also appears in CmagiT) and p{T) for 
this compound at a similar temperature in Figs. Illf a). 

(c) , and Fig. [TSl^b). The presence of the anomaly in 
C(T) strengthens our interpretation of dimerization due 
to structural transition and long range antiferromagnetic 
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FIG. 11: (Color online) (a) Heat capacity C versus temperature T of YV4O8 in and 9 T magnetic fields. The arrow points 
to a tiny anomaly at 81 K. The inset shows a small magnetic field dependence of the heat capacity anomaly at 45 K. (b) The 
C(T) in zero field from (a) along with the Gatt(r) obtained using Eq. © with x = 0.96 and 6^0 = 600 K. (c) Cmag(r)/r 
versus T. The arrow points to the tiny anomaly at 81 K also seen in Fig. IllT a). (d) Magnetic entropy S'mag(r) obtained from 
Eq. ®. 



ordering at 50 K. However, there is no anomaly in Cmag 
at 16 K where the ZFC-FC x{T) data in Fig. show 
a strong bifurcation which disappears at high fields as 
shown in Fig. Mh)- No change in Cmag(r) in Fig. [TlTc) 
is observed at 16 K, suggesting that the bifurcation of 
the ZFC-FC x(T) may be due to weak canting of the 
antiferromagnetically ordered V spins. The presence of 
magnetic hysteresis with a very small (0.0007 /ie/F.U.) 
remnant magnetization at 2 K shown in Fig. llOf a) and a 
small almost T- independent Ms(T) below 16 K shown in 
Fig. [9jc) are all consistent with the occurrence of canted 
antiferromagnetism below 16 K. There are two additional 
anomalies at 75 K and 90 K which appear in both x{T) 
and Cniag(T'), the origins of which are unclear. 

The dimerization of the V spins in one of the chains 
and formation of spin singlets in YV4O8 is very similar 
to the spin-Peierls transition observed in CuGeOa at 14 
K.'^" The occurrence of a metal to insulator transition 
at 60 K (which is very close to the temperature of the 
spin singlet formation) as shown in Fig. I13f b) suggests 
that YV4O8 is a rare example where a metal to spin sin- 
glet insulator transition takes place. Such a Peierls-like 
transition has been observed in the tetragonal rutile VO2 
at 340 K-?M2 and in the spinel MgTi204 at 260 
In both VO2 and MgTi2 04, a complete structural tran- 
sition occurs at the temperature of the metal to spin 



singlet transitional^ unlike YV4O8, where only the lat- 
tice parameters change without a lowering of the crystal 
symmetry. 

For LUV4O8, the magnetic susceptibility in Figs. [Sfd) 
and (e) shows no evidence of formation of spin sin- 
glets. There is no anomaly in Ci„ag(7') in Fig. [T^c) 
at K, 100 K at which a slope change occurs in x(r) in 
Fig. El^d). On the other hand, a sharp peak occurs in 
Cma.g,{T) at ~ 80 K, where no anomaly in x(2^) occurs. 
This might indicate the onset of short-range ordering at 
K, 100 K followed by long-range ordering at k, 80 K. 
From Figs.jSJd) and (e), the x{T) shows a sharp increase 
at « 50 K, whereas in Fig. fT^ c) there is only a small kink 
in Cmag (7") at this T . The absence of a sharp anomaly in 
Cmag at 50 K might indicate the development of a canted 
AF state at that temperature. 

The Curie- Weiss fits to the high T x for both YV4O8 
and YV4O8 yield Curie constants that are considerably 
lower than expected, which leads to the possibility of 
both these compounds being metallic. 

V. SUMMARY 

We have synthesized powder samples of YV4O8 and 
LUV4O8 whose crystallographic structure consists of two 
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FIG. 12: (Color online) (a) Heat capacity C versus temperature T of LUV4O8 in and 9 T magnetic fields. The arrows point 
to two kinks at 62 K and 48 K, respectively, (b) The heat capacity C{T) from (a) in zero field along with the Ciatt(r) obtained 
from Eq. dUl with x = 0.96 and Od = 600 K. (c) Cmag(T)/T versus T. The arrows point to the kinks at 62 K and 48 K also 
seen in Fig. I12r a'). (d) Magnetic entropy <S'mag(T) obtained from Eq. (O. 



distinct one-dimensional zigzag chains running along the 
crystallographic c-axis. X-ray diffraction measurements 
down to 10 K reveal a first-order-like phase transition 
with a sudden change in the lattice parameters and unit 
cell volume at 50 K in YV4O8. However, the high and low 
temperature structures could be refined using the same 
space group indicating no lowering of the symmetry of the 
unit cell due to the structural transition. As a result of 
the transition, one of the chains dimerizes. The magnetic 
susceptibility of YV4O8 exhibits a sharp first-order-like 
decrease at 50 K followed by a bifurcation in the ZFC-FC 
susecptibility below 16 K. The anomaly at 50 K is sug- 
gested to arise from the dimcrization of the 5 = 1 chain 
and antiferromagnetic (AF) ordering of the other chain. 
The AF ordered spins then become canted below 16 K. 
The change in the magnetic entropy calculated from heat 
capacity measurements also agrees very well with order- 
ing of three 5* = 1 and one 5 = 1/2 disordered spins 
per formula unit. The lattice parameters of LUV4O8 ex- 
hibit a small anomaly at 50 K but not as sharp as in 
YV4O8. The magnetic susceptibility of LUV4O8 shows 
a broad peak at ~ 60 K followed by a sharp first order- 



like increase at 50 K. The 50 K anomaly is suppressed 
at higher fields. For both compounds, Curie- Weiss fits 
to the high T susceptibilities yield Curie constants which 
are much lower than expected. Electrical resistivity mea- 
surements on sintered pellets indicate metal to insulator- 
like transition at 60 K and 50 K for YV4O8 and LUV4O8, 
respectively. It would be very interesting to study sin- 
gle crystals of these compounds. Single crystal resistivity 
measurements are needed to determine if these materials 
are metallic or not at high temperatures. Measurements 
such as NMR or neutron scattering that would provide 
microscopic information about the spin dynamics would 
also be valuable to clarify the nature of the magnetic 
ordering transitions in YV4O8 and LUV4O8. 
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